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CHAPTER 1

Overview

Physics describes the phenomena of nature using models. Particle physics in particular deals with the
fundamental building blocks of our world. To verify the theories experiments are built. For these gaseous
detectors are a common tool used to identify particles and measure their properties. The GasDet group
of the Physikalisches Institut of the University of Bonn is developing a variety of such detectors, in
particular ones using a micro mesh gas amplification structure called InGrid combined with Timepix
readout chips. This combination is called GridPix and has applications in photon, X-Ray and neutron
detection.

The purpose of this thesis is to design and construct a flexible gas system and to verify its operation.
Also, the performance of a GridPix detector at low gas pressures is to be explored.

Chapter 2 provides an overview of gaseous detectors and gas control systems. The detection of X-Rays,
gas amplification and the diffusion process of electrons in such detectors are described. An overview of
the operating principles of thermal mass flow measurements is given.

Chapter 3 describes the design and construction of the flexible gas system developed during this thesis.
The verification tests that were performed for this system are also presented.

Chapter 4 presents the setup used for the measurements with a GridPix detector at various gas pressures.
The analysis chain used to process the data from these measurements is described. A new method for
extracting the diffusion coefficient from measured data is developed. The results of the measurements, in
particular the determined diffusion coefficients and gas amplifications, are discussed.

Chapter 5 summarizes the results and looks out at future development steps.



CHAPTER 2

Theoretical Background

In this chapter the theoretical backgrounds of gaseous detectors, in particular the GridPix detector
technology, the detection of X-rays and the diffusion process of electrons are described. Further an
overview of the operating principles of thermal mass flow measurements is given. Unless stated otherwise,
the contents of this chapter are compiled from [1] and [2].

2.1 Gaseous Detectors

Gaseous detectors use the ionization of gases by charged particles for their detection. The detection of
other particles like photons and neutrons is also possible after their interaction with matter, which can
result in charged particles. The advantages of these detectors are potentially large volumes, low material
budget and the ability to directly read out the information electronically.

2.1.1 Introduction

The primary principle of these detectors is the detection of the spacial charge created by ionizing particles.
For this, the charges are separated by an electric field. The field is created by applying a voltage between
an anode and a cathode. In the field the electrons drift towards the anode and the ions drift towards the
cathode. The information about the ionizing particles is then obtained by measuring the charges arriving
at the anode or cathode. By generating a high field strength near the anode, accelerating the electrons
and creating more ionization, the charges can be amplified before they are measured.

In the simplest configuration this system is capable of detecting the presence of ionizing particles. More
sophisticated detectors can also measure the amount of charge created by the particles. In addition, a
separation of the anode into multiple segments can be used to obtain position information.

A common method to achieve a large detection volume without increasing the number of readout channels
is to let the charges drift for an extended time before amplifying them. For this a low field strength is
applied over the volume, and the position information is recovered from the drift time. The charges drift
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towards one side, on which the readout system is installed. Only in proximity of the readout system
the high eld strength used for charge ampli cation is created. Using the arrival time of the charges,
combined with measurements of the arrival time of the ionizing particles and knowledge about their drift
velocity, the original shape of their path can be reconstructed in three dimensions.

2.1.2 GridPix

The gaseous detector used in this thesis uses a speci ¢ ampli cation system called InGrid and a readout
system called Timepix [3]. The readout element of a GridPix detector is a Timepix [4] chip.

The Timepix family of readout chips was originally designed to act as a readout system for silicon pixel
detectors. The chip used in this thesis has a matraéfby 256 pixels at a pitch o65um. The readout

system used in the GasDet group records data in frames at a rate of up to 40 frames per second. During a
frame a global shutter controls the data taking. The shutter can be chosen betWgesand19.22 s

The pixels contain an ampli er and a discriminator with a global threshold. In addition the threshold can

be tuned individually for every pixel. The three operating modes are time over threshold (ToT), time of
arrival (ToA) or counting. In counting mode the chip counts the number of detected hits. In ToOA mode
the chip records the time of the rst threshold crossing for every hit. In ToT mode the chip records the
time spent over the threshold, which is related to the charge deposited in the pixel. More details on the
operation of the Timepix chip can be found in section 4.1.2.

To form the GridPix detector, a ne aluminium grid is created on top of isolating pillars directly on top
of the Timepix chip using photolithography. A picture of this structure can be seenin gure 2.1.

Figure 2.1: Picture of a GridPix detector [5].

The distance between the grid and the chip@sim. The grid has a hole over every pixel of the
chip. Applying a voltage between the grid and the chip creates a high eld strength su cient for gas
ampli cation. Because of the small pixel pitch of the Timepix chip this detector setup achieves a high
spatial resolution.
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2.2 °Fe X-ray Detection

X-rays emitted by @°Feradioactive source are a common choice for testing gaseous deteCkes.
decays td°Mn via electron capture with a half life & 747 y[6]. This leaves th&Mn in an excited state,

which leads to the emission of two types of X-rays callggand ,,. They have characteristic energies

of 5.90keVand6.49keV[6]. The di erence between them is not resolvable in the measurements
performed in this thesis. Within gaseous detectors X-ray photons of these energies primarily interact via
the photoelectric e ect, creating single photo-electrons. Most of the photons energy is transferred to the
photo-electron since the remaining atom has a very high mass compared to it. The photo-electron then
traverses the detector and interacts with the gas, ionizing it. In this random process the average number
of created electron-ion paif¥ i is proportional to the energy lost by the photo-electron.

i =

ion
The factor ,, describes the mean energy required for the ionization.

The most commonly used gas for gaseous detectors is argon. It allows for a high gas ampli cation at
relatively low voltages while having a low radiation length and low costs. For argon, the primary gas
used in this thesis, the mean energy required for an ionizatiop js= 26 eV[7]. Therefore the average
number of created electron-ion pairs for a photo-electron fronrem u X-ray ish#i = 227. Atthe
conditions that the detector used in this thesis is operated, this stoppage of the photo-electron happens
over a distance that is unresolvable by the experiment. Therefore the resulting cloud of ionization
electrons can be assumed to originate from the same point.

2.3 Diusion

The electron cloud drifting through the gaseous volume experiences a di usion e ect. The following
section describes the di usion process as well as a stochastic model used to extract the di usion
coe cient from measurement data. The drift e ect is a results of the electrons randomly interacting
with the gas molecules.

2.3.1 Diusion Coe cient

Given an electric drift eld oriented along tHeaxis the average of the square of the positigywf the
electrons of an electron cloud in the direct®m Gor 8= Hdepends on the drift tim€along thel axis
and on the coe cient " as follows [1]:

hgi=2¢

For a given drift eld strength the average drift velocity along thexis does not depend on time [1].
With that, the drift timeCis proportional to the drift distande,;;;. Hence, in the following de nition of
the di usion coe cient  for a given eld strength is used:
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2. _ 2
gl = Iy

is called the transversal di usion coe cient when the di usion in the plane perpendicular to the drift
directionl is considered. Then the average of the square of the distAmcéise plane perpendicular to
the drift directionl is:

i = D h A =2 21

The valuesdAare distributed according to a normal distributldf™— f %0 [1] with the mean = Oum
and, with the drift modeled in two dimensions, with the variahée= 2 2l g

q
dy 12 =N1Opm— 2 2l A

2.3.2 Di usion Distribution

The average of the square of the distah®e as a property of an electron cloud depends on the drift
distancel 4 and on the di usion coe cient . As a result the distribution d#i for many clouds
depends on the distribution of the drift distarigg;;, on the distribution of the number of electrons in a
cloud=, and on the distribution dfi for a single cloud.

The electrons of a cloud begin their drift along thaxis from the point at which the X-ray photons is
absorbed. In the setup used in this thesis the photon enters the detector approximately parallel to the
| axis. The photon has an absorption probability that is independent of the diSttnawelled in the
detector, therefore the distribution of the absorption distances is an exponential distribution with the
absorption coe cient_:

Oop! ;30 = _4 -

However only photons that get absorbed within the detector produce a cluster, therefore this distribution

has to be cut 0 at the length of the detector, i.e. foB = ! , and then has to be normalized. With
3=1 g @andl gz 2 » cm- %2he resulting distribution is:
4 - lan®
Aapsors —— !+ N arit® = _]_T

Let dgouqt=c° denote the distribution of the number of electrepsn an electron cloud.

Since the valud¥i is an arithmetical mean &f, squares of normal distributed values with m@am
and variance 2l arift» 1ts distribution can be derived from a chi-squared distributiéh © with : = =R
degrees of freedom:
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_ 2 _
2 2. = .2 i =,
1— . 0 — _ .
Aarine =2 “lariro PK1° = ——] 7 = —5—
2 %l grige 2 %l grife

Multiplying the stochastically independent distributi&;@som dgoug @Nddy,i and averaging over,
andl 4 we get the distribution for the random varialbki :

~ 1

Q bt a2 i =

2io — _ _ e 2 _. =

ddi H-_- vha?lo - dcloudl_eo ] Ze J “er 2 .
=.=0 o 1 4- 2 "l 2 iy

3l grift

It was not possible to obtain a closed formula for the integral part of this distribution using the symbolic
mathematics package of Wolfram Alpha [8]. Hence, for the extraction of the model parametads

_ from the measured distributions b optimization algorithms will be combined with numerical
simulations of the distribution. To approximate the sum algy,4*=° an integral over X*=, " °,
whereXis the Dirac delta function and is the experimentally determined mean of the distribution,
is used. This is reasonable since the distributiigg, 1= is narrow and it only a ects thely,;
distribution, which does not change signi cantly for small variationsof The parameter is given by

the experimental setup. The nal distribution used for numerical simulations is:

1 !

| 1 |0 N RN
N C_4 - it o . h¥i
dgi —_— =i hKio = = i —% i —— 3l
o 1 4- 2 "y 2 "t
Histograms of¥i will be created by random sampling from the distributidy *!-_— —; hedio.

These histograms will then be matched to the measured histogram by the di erential evolution algorithm
provided in scipy [9]. The parametersand_, as well as a factor used for scaling the simulated
histogram are determined by this procedure. Further details on the stability and accuracy of this method
are provided in section 4.2.3.

2.4 Gas Ampli cation

Once the electron clouds reach the ampli cation region of a gaseous detector they experience the high
electric eld present there. In this strong eld the electrons receive enough energy through acceleration
that they create secondary ionisation. This leads to an avalanche e ect and an ampli cation of the charge:
post=  pre The factor is called gas gain and typically ranges fra@ to 10°. The amount of ions
created per distance is called the rst Townsend coe ciéhtThe coe cient depends on the strength of
the electric eld and on the pressufd temperaturg¢ and the type of gas that is used in the detector.
Therefore it is often described in dependence of the reduced eld strengthOver an in nitesimal
distance3Gthe increase in the number of electr@is is [1]:

3# =Ut °#3G
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With the eld as a function of the distand@we can solve this di erential equation with the maximum
ampli cation distanceB

1
B

#1B = #yexp Ut 133G
0

This relation results in an equation for the gas gain

1
#1B B
= = exp Ut 1@°3G
#o 0

Especially for complicated eld geometries, like in the GridPix, this integral is di cult to calculate. If a
simpli ed case, in which the Townsend coe cierd does not depend on the position, is assumed, the
eguation becomes:

=49 °B (2.1)

The ions remaining after the ampli cation avalanche can undergo recombination and emit additional
photons. If these are not absorbed after a short distance they can create more avalanches and fake
signals. Noble gases are generally not good at absorbing these photons, therefore they are often used with
an additive guencher gas. Common quencher gases are carbon dioxide and hydrocarbons like ethane,
methane and isobutane. These multi atomic molecules can have additional degrees of freedom and can
therefore absorb the photons quickly [2].

A possible additional e ect arising from the addition of a quencher gas is an increase of the gas gain
and Townsend coe cientJ, due to Penning ionization [10]. This additional ionization occurs when an
excited molecule of the primary gas transfers its energy to a molecule of the quencher gas with a low
enough ionization energy.

2.4.1 Ampli cation Distribution

The gas ampli cation is a statistical process, therefore the gas g@é@mot a xed number but follows a
distribution. This distribution is modeled by a Pdlya distribution of the form [11]:

<
dr o=

< lg < (2.2)

1«0

Here< is a dimensionless free parameter that has to be determined from the experiment.

2.5 Gas Flow Measurement

This thesis uses GM50A [12] metal sealed mass ow controller manufactured by the company MKS
Instruments, Inc. These devices are performing a thermal mass ow measurement followed by a



Chapter 2 Theoretical Background

conversion of the mass ow to volumetric ow. In the following the measurement principle of the
thermal mass ow measurement and the conversion are described.

2.5.1 Thermal Mass Flow Measurements

Figure 2.2 shows an illustration of the principle of thermal mass ow measurement [13].

Figure 2.2: lllustration of the principle of thermal mass ow measurement. [13]

The gas ows through the measurement device. It is split into a capillary tube and a by-pass tube with a
xed percentage of the ow going into each tube, allowing the calculation of the total ow from the
ow measured in the capillary tube. Two electrical resistogsaRd R, that have a positive temperature

coe cient are coiled around the capillary tube. They are chosen such that their temperature coe cients
are equal, i.e. their resistances are equal for a given temperature. A constant current is passed through
both resistors, heating them up. The owing gas has a cooling e ect on both resistors and reduces their
temperature. Since the two resistors are placed behind each other the cooling e gasemtller than

on R;. As a result the resistances of the two resistors are di erent, and therefore the voltage drop over
them is di erent too. Using a calibration one can extract the mass ow<ateom the di erence in
voltage across the resistors. The calibration depends on the type of gas, its p¥easdrits initial
temperature .

2.5.2 Conversion Factors

To calculate the volumetric owf of a gas from the mass owe the densityd is used in the following
formula to convert the two:

-P: <Qod

This conversion is done by the mass ow controller internally so that it reports the volumetric ow. Since
the density depends on the ambient tempergtumad pressuréq this conversion only works at the
calibration values. These gy, = 0 C and%y, = 1*01 bar To convert the reported owgporteqto

the true ow ;. at di erent temperaturep,pient@nd pressure®y pienithe ideal gas law is used. Here
=is the amount of gas ardis the universal gas constant:

%+=="'
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Using==<e+" with < being the mass ant being the molar mass we can get:

Therefore we can calculate:

) ambient_“Ralib
_p - _p ambient all

omblen
frue - TePOred) b Yambient
When using a di erent gas than the calibration gas nitrogen an additional gas correction fdwerto
be applied. This gas correction factorcan be calculated from the densities of the gakgsge,and
dgas@s Well as their speci ¢ heat capacitiBg;ogen aNd2y,s

_ dnitroger12nitrogen

- dgaszgas

For mixtures of multiple gases their correction factogsand , can be combined according to their
volumetric fraction:

_h +2
combined™ 1s 2
+tota| +

The correction factor can then be used as follows:

£

gas ™

£

nitrogen

The gas correction factors are provided by the manufacturer [14] and the ones used for this thesis can be
found in appendix C.1.
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Design and Veri cation of a Flexible Gas System

The GasDet group of the Physikalisches Institut is developing a variety of gaseous detectors. For these
control of the pressure within and the amount of gas owing into gaseous detectors independent of their
speci ¢ properties is required. The Flexible Gas System developed during this thesis is supposed to
achieve both these criteria simultaneously. Additionally, the system is supposed to be compact and
portable, so that it can also be used in situations outside the usual lab environment, like a test beam
environment. The principle of operation is shown in gure 3.1. The gas ows from a gas supply through

a ow controller into the detector. The gas then ows out of the detector through a pressure controller.
The ow controller sets the amount of gas owing into the detector, while the pressure controller adjusts
the ow going out of the detector to maintain a set pressure.

Figure 3.1: Schematic of the operating principle of the gas supply system.

3.1 Construction

The exible gas system is constructed inside an aluminium gas control box that was manufactured by the
mechanical workshop of the Physikalisches Institut. Computer-aided design (CAD) drawings of the box
are shown in gure 3.2.

10
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Figure 3.2: CAD drawings of the gas control box.

It has outside dimensions of 29.5 cm length by 18.0 cm width by 21.0 cm height.

Two gas control units manufactured by the company MKS Instruments, Inc. are used. The gas ow
is controlled by a GM50A [12] metal sealed mass ow controller. The gas control unit is capable of
handling gas ows up t& L h™ at an inlet pressure &bar, an outlet pressure dfbarand a temperature

of 273.15K For other outlet pressures and temperatures the ow can be converted according to the
equations described in section 2.5.2.

The gas pressure is controlled by a GPCA [15] metal sealed pressure controller. The used model is
capable of controlling absolute pressures from 0.03 bar to 1.3 bar.

For further variants of the gas control system other versions of this gas controller with di erent operating
parameters as well as a system that automatically mixes two gases together are envisioned.

The MKS gas controllers are connected via the Modbus/TCP protocol with a Raspberry Pi single
board computer. In addition a Bosch BME680 [16] sensor is connected with the Raspberry Pi to
provide ambient temperature and pressure measurements. The software running on the Raspberry Pi is
programmed in Python. It performs unit conversions as well as the gas ow corrections for the gas type,
pressure and temperature.

The user can control the gas system is via a web browser interface programmed in Python. The Remi
[17] library is used to create this the web interface. A screenshot of this interface can be seen in
gure 3.3. The interface allows direct control over the valves of both the gas ow controller and the
pressure controller. It displays the measured values from the controllers and the environmental sensor.

11
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The desired values for the gas ow and pressure can be set. A mix of up to two gases can be selected in
any volumetric combination.

Figure 3.3: Screenshot of the web browser based user interface for the gas control.

A basic set of information is also displayed on an LCD that is mounted on the front of the gas control
box. This includes the valve status of the controllers as well as the current set and measured values for
the ow and pressure.

Additionally the system periodically uploads information to an online database. This includes the
set and measured values for the gas ow rate and the pressure, the ambient pressure and temperature
measurements as well as some miscellaneous data collected from the gas controllers. A visualization
of this data is created with the web application Grafana [18]. A screenshot of this can be seen in
appendix C.2.

The gas control box receives power via a C14 connector. Power is converted by two switching power
supplies.5V is used to power the the Raspberry Pi, Ethernet switch and LCD, while the gas ow
controller and pressure controller rece®V. The gas connections are established via Swagelok
connectors. Additionally an RJ45 connector enables a network connection for the web interface and for
the connection to the database.

Figure 3.4 shows a picture of the fully assembled gas control box.

12
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Figure 3.4: Picture of the fully assembled gas control box.

3.2 Commissioning

A number of tests were performed to verify the functionality and stability of the fully integrated gas
control box after its assembly. These include a measurement of the ow rate controlled by the gas ow
controller to verify the gas corrections performed by the system. Additionally the gas ow controller and
pressure controller need to be tested in combination to exclude the possibility of negative interference
between them.

3.2.1 Flow Rate Controller Tests

To verify the ow rate reported by the mass ow controllers as well as the implemented gas correction
mechanism ow rate measurements were performed. To cover a range of gas correction factors the
measurements were performed with three di erent gas mixes: nitrogen, carbon dioxide and a mix of
90 vol% argon andl0 vol% carbon dioxide. The correction factors for each of the gas mixes were
automatically calculated by the software.

The ow controller was set to various ow#... The output was then piped into a water lled, upside
down measuring cylinder. The time required to Il a certain volume with gas was measured multiple
times for each ow rate. The ow rate#, ... were calculated from these values and then averaged for
each of the di erent set points. The average discrepancy was calculated by averaging the individual
discrepancies dfff,..curk t0 Fier The average error was calculated by averaging the individual errors of
hfleasure The results can be found in table 3.1 and gure 3.5.

13
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Gas mixture % )  Correction Psgtl hPmeisi,rg .Average Average
[bar] [K] Factor [Lh™7 [Lh™7] | discrepancy  error
040  0.42(2)
1.30  1.37(5)
N, 0.98 294 0.96 3.10 3.21(7) 4.09% 3.61%
4.80  4.97(15)
570  5.91(20)
0.50 0.50(3)
1.69  1.72(6)
CcOo, 1.01 289 1.25 3.97 4.01(10) 0.92% 4.00%
6.36  6.31(22)
745  7.53(37)
027  0.25Q)
0.80  0.82(3)
1%0\/‘(’;"(!/00/0CAC2 101 289 066 | 187 192(4)| 335%  3.02%
3.03  3.20(7)
3.57 3.62(9)

Table 3.1: Measurement values for the ow rate veri cation.

Figure 3.5: Measurement values for the ow rate veri cation.

14
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The manufacturer speci es a controller accuracy @f% of the set point when the set value is more than

20 % of the full scale and a controller accuracy d¥2 % of the full scale when the set point is less
than20 %of the full scale [12]. The measured discrepancy is signi cantly larger than this, however the
uncertainty of the measured values covers this discrepancy entirely for all three gas mixtures. Therefore
the stated accuracy of the mass ow controllers can not be veri ed with this measurement. However
gure 3.5 shows that the mass ow controllers in conjunction with the implemented gas correction
mechanism are capable of achieving the desired ow within the accuracy of the measurement.

3.2.2 Pressure Controller Tests

To verify the pressure measurements of the pressure controller they were compared to the measurements
of a commercially available pressure sensor. The sensor used for comparison was a BME680 from
Bosch. It has a speci ed accuracy 0025 %[16]. The pressure controller has a speci ed measurement
accuracy of 05 %[15] of the reading. The pressure controller and BME680 sensor were both exposed

to the ambient pressure changes for a period of 85 h. Figure 3.6 shows results.

Figure 3.6: Measurement values for the pressure measurement veri cation.

The values agree with each other within the speci ed accuracy over the entire time span. Because of
this the pressure measurement of the pressure controller is assumed to be operating within its stated
parameters.

3.2.3 Combined Tests

The combined operation of the pressure controller and ow controller was tested over a range of set
pressures fror.2 barto 1.0 baras well as over a selection of ows. To achieve pressures béloara
Vacuubrand MZ 2T vacuum pump was used. Figures 3.7 and 3.8 show the results.

15
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Figure 3.7: Flow rate values for the combined operation test.

Figure 3.8: Pressure values for the combined operation test.

16
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When not limited by the maximum ow rate achievable with the vacuum pump or by the piping diameter
both controllers were capable achieving the set values within lesd.th&mNo negative interference
e ect between the controllers could be observed.

Thus, this the gas control system is veri ed to be fully operational.

17



CHAPTER 4

Experiments with a GridPix Detector

4.1 Preparations

4.1.1 Setup

The measurements are performed using a GridPix chip mounted within a detector enclosure. A CAD
drawing of a GridPix based gaseous detector can be seen in gure 4.1 and sketch of the detector used in
the measurements can be seen in gure 4.2.

Figure 4.1: CAD drawings of a GridPix based gaseous detector.

The GridPix chip is mounted on a printed circuit board that handles the data connection and power
supply for it. Above that the drift eld anode is placed. It has a cutout matching the size of the chip. The
detector volume i8.1 cmtall and capped o by a special cathode lid capable of operating at pressures
ranging from0.1 barto 1.3 bar It was manufactured by the mechanical workshop of the Physikalisches

18



Chapter 4 Experiments with a GridPix Detector

Figure 4.2: Cross sectional sketch of the GridPix based detector used for the measurements.

Institut. The lid has a section thinned downlt@0um, allowing for the passage of the X-rays from the
radioactive®Fe source that is placed on top of it. A eld shaping cage made WPafngs is placed

around the detector volume. The rings are connected with a resistor chain so that the voltage is evenly
distributed over them.

The high voltages for the drift volume and the gas ampli cation are applied to the cathode, the top
and bottom of the eld shaping cage, the anode and the grid. The eld strength is typically around
500V cni * for the drift volume ands0 kV cni * for the ampli cation region. All of these have a
common ground that is connected to the Timepix chip. The high voltage is supplied by an Iseg VHS
C040n-K high voltage power supply. The supply voltag@ @5 Vfor the analog and digital components

of the Timepix chip is provided by a laboratory power supply.

Chip control and data readout is performed by a CERN RD51 Scalable Readout System (SRS) [19]. The
SRS is connected via a custom adapter board to the detector and runs the GasDet group internal Timepix
Operating Firmware (TOF). This is controlled by a desktop computer running the GasDet group internal
Timepix Operating Software (TOS).

The ow of gas into the detector as well as the pressure within it is controlled by the gas control box
developed in this thesis. The gas is supplied from a bottle. To achieve below ambient pressures within
the detector the exhaust from the gas control box is attached to a Vacuubrand MZ 2T vacuum pump.

Figure 4.3 shows a picture of the measurement setup.

4.1.2 Calibration
To prepare the detector for data taking a number of calibration steps are performed using TOS.

The shutter length needs to be chosen to maximize the number of frames that record an event. However
events that record more than one event are likely to have the electron clouds overlap, which makes the
analysis di cult. Therefore frames with more than one event should be minimized and the shutter length
was chosen so that approximately 10 % of frames recorded an event.
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